In the 1980s, Palmer [4] and Moncadea et al. [5] discovered that nitrogen monoxide (NO) shared similar characteristics with endothelium-derived relaxing factor (EDRF) and eventually proved that they were in fact the same. EDRF is a novel carrier for intercellular communication, and the decreased release of EDRF is an important factor in I/R injury. NO is produced from nitric oxide synthase (NOS)-catalyzed L-arginine (L-Arg) in vivo. NOS thereby plays an important regulatory role in NO production. The two isoforms of NOS include constitutive NOS (cNOS) and inducible NOS (iNOS); cNOS can be further categorized as endothelial NOS (eNOS) and neuronal NOS (nNOS). The process of cNOScatalyzed NO formation provides functions such as the dilation of blood vessels and the inhibition of thrombosis. However, excessive NO produced by iNOS and related metabolites could lead to severe histiocyte injury. [6] [7] [8] In recent years, the biological application of hydrogen (H 2 ) has been studied extensively. [9] Hydrogen is the simplest element in nature; H 2 is a colorless, odorless, tasteless diatomic gas of hydrogen with certain reducibility. In the past, many scholars suggested that H 2 is a physiologically inert gas. In 2007, the Japanese researchers Ohsawa et al. [10] discovered that the inhalation of 2% H 2 could effectively reduce the area of cerebral infarction and improve prognosis of stroke in a mouse model. H 2 was suggested to have a selective antioxidation effect. Subsequently, various animal experiments confirmed the protective effect of H 2 on various tissues and organs subjected to I/R-induced injury. [11] [12] [13] Primary H 2 administration methods include inhalation, [10] intravenous or intraperitoneal injection of hydrogen-rich saline, [14, 15] and consumption of hydrogen water. [12, 16] In addition, intraperitoneal injections of H 2 have been performed successfully by a few researchers. [8] To date, the protective effect of H 2 on I/R-induced limb injury has not been adequately studied. In this study, we applied the intraperitoneal injection of H 2 to an I/R rabbit model; the mRNA expression levels of iNOS and eNOS in skeletal muscles as well as serum malondialdehyde (MDA) levels were determined to investigate the protective effect of H 2 on I/R-induced limb injury and the potential underlying mechanisms.
Materials and methods
The primary kits and equipment used in this study are as follows: an in situ molecular hybridization kit for iNOS and eNOS mRNA determination (Wuhan Boster Bioengineering Co., Ltd., Wuhan, China); an MDA test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China); an M177021 hydrogen gas generator (Beijing West Broad Technology Co., Ltd., Beijing, China); a TDZ5-WS centrifuge (Changsha Xiangzhi Centrifuge Instrument Co., Ltd., Changsha, China); a TU-1810 UV-Vis spectrophotometer (Beijing Purkinje General Instruments, Beijing, China); and a MetaMorph/ DP10/BX41 microscopy image analysis system (UIC/ Olympus, USA/Japan).
H 2 of 99.999% purity was produced by the electrolysis of water using a hydrogen gas generator. The H 2 produced was stored in aseptic soft plastic infusion bags and was used within 12 h.
This study was carried out in strict accordance with the recommendations of the Provisions and General Recommendations of Chinese Experimental Animal Administration Legislation. The protocol was approved by the Weifang Medical University Local Ethics Committee. All surgery was performed under 20% urethane anesthesia, and all efforts were made to minimize suffering.
Thirty healthy male adult New Zealand white rabbits weighing 2.21±0.13 kg were supplied by the Experimental Animal Center of Shandong University. The rabbits were fed in an SPF-grade animal house in separate cages for a week after purchase. The feeding environment was set at 25 °C and 40-60% humidity. Prior to the experiment, the animals fasted for 12 h but had free access to drinking water.
Thirty rabbits were randomly assigned to 3 groups (10 animals/group): the sham surgery group (sham), the ischemia-reperfusion group (I/R), and the ischemiareperfusion + H 2 group (IRH). The hind limb I/R injury animal model was established according to the method described by Nanobashvili et al., [17] which has also been described in our previous studies. [18] Rabbits were anesthetized with a 0.20% urethane injection at 5 mL/kg through the auricular vein. The right inguinal region was carefully sheared without harming the skin, sterilized, and covered with an aseptic hole towel. A skin incision was performed along the femoral vascular nerves, and the exposed femoral artery, veins, and femoral nerves were separated under a surgical microscope. A micro vessel clamp was used to block the femoral artery for animals in the I/R and IRH groups. A cerclage procedure was performed with a rubber compression cord to block collateral circulation at the hind limb proximal end, thereby ensuring complete devascularization of the right hind limb. The micro vessel clamp and the rubber compression cord were removed after 2 h to restore blood flow. The animals in the sham group received only the skin incisions at the right inguinal region to expose the femoral vessels; there was no femoral artery clamping or cerclage of the hind limb.
Ten minutes before blood flow was restored by removing the vascular clamp, an intraperitoneal injection of H 2 was given at 10 mL/kg to the animals in the IRH group within 60 s. An equivalent amount of air was given to the animals in the other groups.
Femoral vein blood (0.5 mL) was drawn from each animal in the 3 groups at 3, 6, 12, and, 24 h after reperfusion. Serum was separated from the blood by centrifugation at 2,500 rpm for 10 min and stored in test tubes at -20 °C for subsequent MDA measurement.
Skeletal muscle tissue with an area of 2x1x0.5 cm 3 was excised from the anterior tibialis muscle at 3, 6, 12, and 24 h following reperfusion. The tissue samples were fixed in 0.4% paraformaldehyde containing 1/1,000 diethylpyrocarbonate (DEPC) for the determination of iNOS and eNOS mRNA levels. Serum MDA level was determined using the thiobarbituric acid (TBA) assay.
Routine dehydration, wax impregnation, embedding, and slicing were performed on the fixed skeletal muscle samples. Two sequential slices were placed onto the same glass slide for the measurement of iNOS and eNOS mRNA. The manufacturer' s detailed in situ hybridization procedure was strictly followed. A brownish-yellow color represented a positive hybridization signal. Microscopic image analysis was performed on positive stains. The intensity of the hybridization signal is expressed as average optical density (OD).
Measurement data are expressed as mean±standard deviation. The software package SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Comparative analyses of sample averages across multiple groups were performed using the one-way analysis of variance (ANOVA) method. Pairwise comparisons were analyzed with the Newman-Keuls test (q test). p<0.05 was considered statistically significant.
Results
No significant difference was observed in the serum MDA levels of the sham group at various time points (p>0.05). MDA levels in the I/R group were higher than those of the sham group (p<0.01). MDA levels in the I/R group gradually increased over the 3-24 h time period after reperfusion; the differences between 24 h and 3 or 6 h were statistically significant (p<0.05). MDA levels in the IRH group were lower than those of the I/R group (p<0.01) at various time points after reperfusion and showed no significant difference from those of the sham group (Figure 1) .
The results of the in situ hybridization assay demonstrated positive iNOS mRNA expression at various time points, as indicated by brownish-yellow spots in the skeletal muscle tissue. The primary intracellular expression location was the cytoplasm. The signal intensities varied between samples collected at different time points. The average OD values of the positive signals were calculated following image analysis. The results depicted low-level iNOS mRNA expression at various time points after reperfusion in the sham group, and no significant difference was observed between these time points (p>0.05). The level of iNOS mRNA expression in the I/R group increased after 3 h after reperfusion and peaked at 6 h, after which it decreased gradually. Data collected after 6 h showed a statistically significant difference compared to data from other time points (p<0.01, p<0.05, respectively). The iNOS mRNA expression levels at various time points in the I/R group were all significantly higher than those of the sham group at each corresponding time point (p<0.01). At each time point, the iNOS mRNA expression level in the IRH group was significantly decreased relative to the I/R group (p<0.01, p<0.05, respectively) (Figure 2 ). eNOS mRNA expression was observed at each time point after reperfusion in the sham group. No significant difference was observed for eNOS mRNA expression level between the sham and I/R groups. At each time point, eNOS mRNA expression levels in the IRH group were significantly increased compared to those of the corresponding time point in the I/R group (p<0.01, p<0.05, respectively) ( Figure 3) .
Discussion
This study demonstrated considerably up-regulated iNOS mRNA expression in limb skeletal muscles after I/R. An excessive amount of reactive oxygen species (ROS) and inflammatory mediators are produced and released after limb I/R. A significant increase in tissue peroxidation induced and activated iNOS in the skel- etal muscle cells, thereby increasing tissue NO levels and mediating I/R injury. Our results demonstrated a significant increase in iNOS mRNA starting at 3 h following reperfusion, which peaked at 6 h, suggesting that a large amount of stimulating factors were produced in the first 3-6 h following limb I/R. The decrease in iNOS mRNA expression 6 h after reperfusion may be the result of decreased gene transcription due to the histiocyte damage associated with the condition. This may also be a feedback regulatory effect of excessive NO production on iNOS gene expression. MDA is a typical product of lipid peroxidation and reflects the degree of cell damage. The MDA measurement results revealed that MDA level was not proportional to the iNOS mRNA level: the MDA level started to increase soon after reperfusion, and this increase continued for 24 h. This phenomenon may be attributed to the oxygen free radical-generating activity of iNOS, which could induce O 2-production and thereby increase MDA levels. The iNOS mRNA expression level started to decrease 6 h after reperfusion. However, oxygen free radicals could stimulate the aggregation of leukocytes and secretion of inflammatory mediators. This peroxidation reaction cascade could continue and cause more oxygen free radical production, thus maintaining the increase in MDA levels. Following the administration of H 2 , both iNOS mRNA expres- [19] or even an increased expression of eNOS mRNA. [20] Our study demonstrated no significant variation of eNOS mRNA expression levels at various time points between the I/R and sham groups, supporting the latter findings. However, following the administration of H 2 , eNOS mRNA expression increased significantly, suggesting that H 2 could up-regulate eNOS mRNA expression and exert various functions such as protection of the endothelium, reduction of adhesion molecules, and prevention of neutrophil granulocyte migration.
In conclusion, this study investigated the effect of H 2 on the mRNA expression levels of iNOS and eNOS at the genetic level following limb I/R. The results revealed an up-regulated expression of iNOS mRNA, accompanied by increased MDA (a peroxidation product) in the I/R process. H 2 could down-regulate the expression of iNOS mRNA, up-regulate the expression of eNOS mRNA, and provide a protective effect to the limb during I/R injury.
Additional studies are required to confirm this conclusion, as the pathological and physiological mechanisms of NOS remain unclear. This study was limited to the examination of iNOS and eNOS mRNA expression patterns. Future research should focus on a comparative study including an investigation of protein expression.
